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ABSTRACT
Urbanization and population growth increase demands for commodities
such as food, energy, and water in cities. Energy and food production de-
pend on water resources, and piped treated water and wastewater systems
depend on energy resources, representing aspects of the food-energy-water
nexus. Because water resources are used outside of cities to produce the
goods that are eventually consumed in cities, the water stress of cities is
impacted by local water shortages and indirectly by physical water stress in
locations in the supply chain. As a result, determining cities’ consumption
of resources and their implications can act as a powerful tool in informing
resource managers and policy makers. The main research question in this
work is: How can the resource usage of cities be quantified, and what are the
implications associated with these urban resource flows? In this work, the
local and indirect water stress of 69 metropolitan statistical areas (MSAs)
within the contiguous United States is determined and compared. In addi-
tion, electricity-water interdependencies are further broken down at an urban
scale by spatially and temporally quantifying direct and indirect water and
electricity consumption for households in the urban area of Chicago, Illi-
nois, USA. This analysis synthesizes data of various sources and resolutions
and can act as a decision-support tool in advancing food-energy-water nexus
literature and informing nexus-related policy.
The urban direct and indirect water stress quantification results show that
cities typically import commodities from nearby locations with similar wa-
ter resource constraints, and generally have similar local and indirect water
stress. In particular, cities in the Western United States have stressed local
water resources and also import commodities from water-stressed locations.
Individual contributions of food, fuel, and electricity imports to urban water
stress vary from city to city, and do not necessarily reflect their geographical
locations.
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The quantification of Chicago’s electricity-water nexus highlights that the
direct consumption of water and electricity greatly exceed their respective
indirect consumption when considering the urban electricity-water nexus. In
addition, while direct electricity consumption and drinking water consump-
tion are largest in the summer (June-August), wastewater treated and its
associated indirect electricity peak during the spring (March-May). While
the area’s electricity provider has installed smart electricity meters, Chicago’s
water sector has comparatively lagged in advances, struggling with challenges
of limited drinking water withdrawals from Lake Michigan and massive gray
infrastructure investment and overflow restrictions with a combined sewer
system. This work quantifies resource flows and their interdependencies in
the urban environment, and can be used as a decision-making basis in future
resource management initiatives and policy making.
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Cities are heavily populated hubs that receive increasing supplies of wa-
ter and energy [21, 28, 77] under increasing political and climatic stress
[11, 65, 74, 103]. An increasing population [23, 93] is expected to further
intensify urban water and energy demands within the next 30 years [21, 45].
Because cities are reliant on their hinterlands for resource production [108],
increasing resource demands places additional strain on natural ecosystems
and available water resource supplies [47, 48, 56, 69, 85]. Water is needed to
produce energy, and energy is needed to treat and supply water [87, 89].
This work utilizes concepts of the food-energy-water nexus, a framework
that identifies the interdependencies between food, energy, and water, [7, 79]
to inform decision making with regards to resource management. While food,
energy, and water are consumed by the end-user, inputs of these resources
occur at the supply-chain level that must be considered in a holistic nexus
study. Cities use water directly for drinking, irrigation, and household appli-
ances [14], and indirectly for cooling thermoelectric power plant generators,
producing hydropower, and extracting and refining fuel [35, 53, 79, 87, 89].
Similarly, energy is directly consumed as fuel and electricity, and indirectly
consumed as an embedded resource in the collection, treatment, and distri-
bution of drinking water and wastewater [12, 86].
Previous studies have tracked the flux of food, energy, and water resources
at various spatial and temporal scales. There is, however, considerable room
for advancing urban resource literature in employing resource flow and con-
sumption data to explicitly quantify the food-energy-water nexus (and its
implications) of large cities. In addition, a gap remains regarding the quan-
tification of direct and indirect electricity and water consumption at the
residential meter level.
Chapter 3 expands on previous water footprinting and water scarcity stud-
ies by quantifying, comparing, and visualizing the water resource stress of
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69 U.S. cities with respect to their local water availability, as well as food
and energy imports. This quantification requires development of a new food-
energy-water stress exposure metric that associates a city’s food, fuel, and
electricity imports with the water stress at the locations producing those com-
modities (i.e., indirect water stress). In determining how cities’ commodity
inflow portfolios relate to water stress across the country, the commodities
and production locations driving overall urban water stress are identified.
By quantifying and disaggregating the water stress of cities, this analysis
provides greater understanding of local and indirect water stress for urban
environments across the United States. Through the first portion of the anal-
ysis (Chapter 3), three questions are answered: (i) Are the food, fuel, and
electricity consumption of cities in the United States exposed to water stress,
either directly or indirectly?, (ii) How does the local water stress of each U.S.
city compare with its indirect water stress?, and (iii) What commodities and
production locations contribute the most to urban indirect water stress?
In addition to analyzing the transfers of resources across the country
and their implications, this work also explores the electricity-water nexus
of Chicago, the third largest city in the United States. Chapter 4 provides
a ZIP code scale quantification of Chicago’s direct and indirect electricity
and water consumption. Although previous work has sparsely analyzed en-
ergy and water consumption and their interdependencies in Chicago and the
broader Chicagoland [6, 21, 26, 30, 53], literature generally fails to quan-
tify these fluxes at resolutions higher than cities. Chapter 4 specifically
focuses on electricity-water interactions. In doing so, city-level drinking wa-
ter and wastewater treatment data are paired with anonymized meter-level
electricity consumption data to spatially and temporally quantify and ana-
lyze Chicago’s residential electricity-water nexus. The locations and extent
of resource consumption are visualized, providing data analysis for resource
management and policy at the residential, ZIP code scale. Chapter 4 answers
three questions: (i) What are Chicago’s direct and indirect residential water
and electricity demands?, (ii) What seasonality patterns underlie Chicago’s
water and electricity consumption?, and (iii) How can resource consumption




2.1 Virtual Water and Water Footprints
Water is used directly for drinking, showering, and irrigation, and indi-
rectly to produce goods and services. The term water use is further classified
as water withdrawal and water consumption. Water withdrawal refers to
surface water or groundwater that is diverted from its original source and
might or might not be returned. This work focuses in water consumption, a
term that refers to surface water or groundwater that is diverted from but
not returned to its original source.
Water embedded (as water consumption) in the flows of goods is often
referred to as virtual water [3], and the sum of virtual water inflows to a
city is referred to as its indirect water footprint [15, 79]. As defined in
literature, the water footprint of a city is made up of blue (surface water and
groundwater), green (rainwater), and grey (water to dilute pollutants) water
components [38]. Cities not only consume water directly for drinking and
irrigation, but also indirectly through the supply chain of their food, fuel,
and electricity imports [15, 60, 61]. Urban footprinting studies of U.S. cities
have found that the indirect water consumption of cities is on average twenty
times that of their direct water consumption. Similar to U.S. resource flows,
Shanghai and Beijing import 79% and 52%, respectively, of their indirect
water [107, 108] from outside provinces. To accurately manage local and
national water resources, both the direct and indirect components of water
consumption must be considered.
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2.2 Water Scarcity
The lack of available water resources affects billions of people, annually
[40, 64]. Although there is enough water available globally to meet hu-
man demands [83], numerous regions of the world experience severe water
scarcity throughout the year due to the temporal and spatial variability in
the availability of water resources [9, 40, 64, 74, 107, 108]. Furthermore, the
Millennium Ecosystem Assessment of 2005 estimates that half of the global
population will live in water-scarce river basins by 2025 [103]. To visualize
water stress, previous work has generated water stress index (WSI) values of
various scales and resolutions [64, 78, 81]. WSI values are a measure of sus-
tainable blue water available for consumption, accounting for environmental
flows required to sustain local ecosystems.
WSI values have previously been employed to weigh water footprints and
reflect environmental impacts of water consumption [82, 85]. Consuming one
thousand liters of water in a region facing drought can have significantly
worse environmental impacts than in a region with abundant water supply.
In this study, only blue water footprints and associated stress are quanti-
fied. Hoekstra [41] argues that blue and green water depletion are strongly
connected, as intensive irrigation occurs when precipitation is lacking.
2.3 The U.S. Urban Food-Energy-Water Nexus
This work presents an analysis of the U.S. urban food-energy-water nexus,
which highlights the direct and indirect fluxes of food, energy, and water
resources in the urban environment [7]. While it is important to quantify
cities’ fluxes of food, energy, and water, discrepancies in jurisdictions, opin-
ions, and data availability significantly limit the scope of such analyses at
different scales [34, 84]. To fill the research gaps discussed in Chapter 3,
this work not only explores the urban food-energy-water nexus at a city-
level scale nationwide (Chapter 3), but also quantifies urban electricity-water
nexus parameters at a ZIP code scale for a specific city (Chapter 4). Figure
2.1 portrays the dependence of cities’ food, fuel, and electricity imports on
water resources of the locations producing those commodities.
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Figure 2.1: Water resources are required through the supply chain level of the
production of food, fuel, and electricity that flow to cities.
2.3.1 The U.S. Urban Energy-Water Nexus
Water and energy are inextricably linked as evident by the significant vol-
umes of water required to produce electricity [55, 87, 89], as well as to extract
and process fuels [66, 106]. While thermoelectric power plants are the largest
water withdrawers in the United States [59], hydropower production is in-
creasingly recognized as a large water consumer since much of the impounded
water evaporates before it can be utilized [35, 63]. On the other hand, most
renewable energy generation technologies (such as wind and photovoltaic so-
lar) require no direct water to produce electricity [80].
Previous work has found that the majority of U.S. cities import over 50% of
their electricity, and thus depend on generation from various locations across
the country [22]. Although total electricity production slightly decreased
from 2010 to 2015, the water consumption associated with these transfers
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have increased by about 20%, which can have significant implications in
terms of national and regional water resource management [16]. In the past,
climatic shocks such as droughts and heat waves have curtailed and shut down
generation at several power plants [8], highlighting the need to incorporate
water scarcity into studies of the food-energy-water nexus.
2.3.2 The U.S. Urban Food-Water Nexus
The water that is consumed in the production of food is another important
dependency of the food-energy-water nexus. Water is needed to irrigate
crops, raise livestock, as well as dilute fertilizers that enter waterways [18,
60, 61]. Global water footprint studies have determined that approximately
90% of global water resources are solely dedicated to food production [12, 37].
In addition, previous studies have highlighted the significant amount of water
embodied in food trade between countries [39, 50, 109]. The United States is
the largest trader of virtual water, annually exporting over 165 km3 of virtual
water [50]. In comparison, the annual water footprint of international food
trade is 2,038 km3 and the annual water footprint of humanity is 9,087 km3
[37]
High production states, such as Texas, California, and Illinois, annually
transfer over 75 billion m3 of water for food within the United States [24].
Urban water footprinting studies have found that the water footprints of
U.S. cities are largely dominated by their water-for-food demands [1, 15].
Specifically, 88% and 11.9% of the water footprint of U.S. cities are attributed
to food, and fuel production, respectively [15]. While the majority of U.S.
food production is rainfed [37, 60, 61], a significant portion of food production
depends on irrigation from surface water and groundwater (blue) resources.
There is thus significant opportunity cost of allocating surface water and
groundwater for irrigation. Droughts further increase the reliance of food
production on blue water resources, especially groundwater [57]. This work
focuses on the blue water footprint component of cities to inform their food-
energy-water nexus.
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2.4 Resolutions of Urban Resource Flow Studies
In Chapter 3, the interactions between cities’ resource demands and water
stress across the United States are quantified. Chapter 4 further explores
Chicago’s electricity-water nexus in greater detail. Throughout the analyses
presented in further chapters, several approximations and assumptions are
made to account for the coarse resolution of available food, energy, and water
data. To better understand how to visualize the consumption of energy and
water, and their associated interdependencies, it is important to explore the
scopes and scales of previous urban resource flux literature.
Urban water and energy flux studies have been performed at various scales
and resolutions, both temporally and spatially. Urban energy consumption
has been quantified and modeled from resolutions as small as buildings and
ZIP codes to national scales [33, 68, 91]. While some studies focus on the
residential and commercial sectors [42, 75], others also account for energy
used in transportation as well as the industrial sector [76]. Generally, urban
water use is quantified separately from energy use. Water use analyses have
been published for country [15, 17], state [30], river basins [40, 49], 30 × 30
arcminute grids [64], city [85], Census Track [13], and building-level resolu-
tions [36, 70, 88, 90, 104]. Although multiple studies aggregate and model
water and energy consumption of cities [10, 15, 25, 85, 100], available re-
source flux data often do not overlap in spatial and temporal resolution [17],
making quantifying the electricity-water nexus at high resolutions difficult.
In this analysis, the electricity and water fluxes of Chicago are presented and
analyzed temporally and spatially to inform urban electricity-water nexus
policy and management. The methods employed, discussed in Chapter 4,




THE FOOD-ENERGY-WATER NEXUS OF CITIES:
DIRECT AND INDIRECT WATER STRESS OF URBAN
AREAS IN THE UNITED STATES
3.1 Introduction: The Indirect Water Stress of Cities
In order to produce food, fuel, and electricity, inputs of water are required
through the extraction, production, and manufacturing stages of these com-
modities. As a result, cities also consume water indirectly through the supply
chain of food and energy products in addition to local drinking water con-
sumption. Because water stress varies spatially, it is important to understand
its implications on the commodity import portfolios of cities. The local wa-
ter stress within city boundaries are not necessarily indicative of the water
stress of producing commodities that are then exported to those cities. In
this work, both the local water stress and indirect water stress of cities are
quantified, compared, and visualized. The contributions that each commod-
ity and each location producing the commodity have on cities’ indirect water
stress are also presented.
3.2 Methods
The details on the data sources are provided in this section. The methods
used to calculate direct and indirect water stress of cities are also discussed.
Urban boundaries are defined using Metropolitan Statistical Areas (MSAs)
from the U.S. Census Bureau, similar to previous work [1, 15].
3.2.1 Data Sources
The Commodity Flow Survey (CFS) is employed to determine the flows
of food and fuel products to each MSA [94]. The CFS is a pentannual
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database compiled by the U.S. Census Bureau and the Bureau of Transporta-
tion Statistics that provides information on commodity transfers within the
United States. These transfers are classified based on the Standard Classi-
fication of Transported Goods (SCTG) category, origin, destination, weight,
mode of transport, and dollar value. The food and fuel groups considered in
this study are shown in Table 3.1. The transfers of food and fuel into a city
are not necessarily consumed by that city, and might be further processed
and reexported internationally.
The blue water footprint of a unit of a product (WFU), defined as the
volume of blue water consumed to produce a unit weight of a good [58], is
computed for all food and fuel commodities following Dang et al. [24] and
Chini et al. [15]. The WFU of a commodity group (e.g., cereal grains) for each
U.S. state is calculated as the average WFU of each subitem of that group
(e.g., wheat, corn, rye), weighted by the total produced of each component
in each respective state. WFU values for subitems of food commodities
originate from Mekonnen and Hoekstra [60, 61, 62] and Mubako [71].
Table 3.1: The Commodity Flow Survey is employed to determine the flow of
food and fuel to MSAs using the Standard Classification of Transported Goods
(SCTG). Seven food groups and four fuel groups are considered in this analysis.
SCTG Commodity SCTG Commodity
1 Animals 7 Other Foodstuffs
2 Cereal Grains 15 Coal
3 Agricultural products 16 Crude Petroleum
4 Animal Feed, Eggs, etc 17 Gasoline
5 Meat, Poultry, Seafood 18 Fuel Oils
6 Milled Grain Products
To quantify water consumption associated with electricity transfers across
the United States, the same methodology as Chini et al. [16] is utilized. Elec-
tricity transfers between power control areas (PCAs) are paired with power
plant specific data such as annual electricity produced and associated blue
water consumption. U.S. Energy Information Administration Form 923 [31]
supplies electricity generation and the water consumption of thermoelectric
power plants. Hydroelectric power plant water consumption data are ex-
tracted from Grubert [35]. Power plants comprising each PCA, self-reported
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transfers of electricity between PCAs, as well as total electricity generation
and water consumption of each PCA are extracted from Form 714 of the
U.S. Federal Energy Regulatory Commission [99]. Lastly, state level annual
electricity consumption data are extracted from the Energy Information Ad-
ministration [32].
Water Scarcity Index (WSI) values, ranging from 0 to 10, are collected
from Mekonnen and Hoekstra [64] at a 30 × 30 arc minute grid scale. To
the author’s knowledge, these data are the highest spatial resolution water
scarcity values currently available [101]. These WSI grids are a measure of
temporally averaged (1996-2005) blue water (surface water and groundwater)
available for consumption. Specifically, WSI is calculated as the ratio of a grid
cell’s blue water footprint to its water available for consumption, accounting
for environmental flow requirements. A WSI below 1.0 indicates a local
water footprint lower than 20% of natural flows and, thus, an abundance of
available water. WSI values exceeding 1.0 indicate some degree of local water
scarcity and modified runoff, while WSI values above 2.0 indicate severe water
scarcity [64].
3.2.2 Calculating Local and Indirect Water Stress of Cities
Cities’ local water stress (LWS) and indirect water stress (IWS) are quanti-
fied, compared, and visualized with respect to their food, fuel, and electricity
imports. In this analysis, the local water stress of a city takes the value of
water stress at the centroid of each city, and is a measure of the local physical
blue water resources available for consumption. The indirect water stress of
the city, however, refers to the water scarcity at locations producing food,
fuel, and electricty commodities that flow to the city. The indirect water





















VTot = VFood + VFuel + Ve− (3.2)
10
and VFood, VFuel, and Ve− refer to the virtual water imports to each city as-
sociated with food, fuel, and electricity, respectively. The term Ve− is the
amount of water indirectly consumed to produce the annual electricity flow-
ing to the city. Ve− is approximated as the net water intensity of electricity
(MWh/m3) of the PCA that serves the city, multiplied by the state-level
annual electricity consumption per capita and city population [32, 95].
The overall IWS is dependent on IWSFood, IWSFuel, and IWSe− , which
correspond to the city’s indirect water stress associated with its food, fuel,











where V S→CityFood|Fuel is the virtual water flow from state S to the city associated
with food or fuel transfers, V TotFood|Fuel is the city’s total water footprint of food
or fuel, and WSIS is the spatially averaged WSI of state S. As Equation 3.3
shows, IWSFood and IWSFuel are calculated as an average of the WSI of each
state transferring commodities to the city, weighted by the corresponding
volume of virtual water transfers. Because state to city level commodity
flow data are employed, this work does not distinguish where, within each
state, food and fuel commodities are produced. In doing so, WSI values are
spatially averaged across each state in calculating IWSFood and IWSFuel.
The limitations associated with such methodology are further discussed in
Chapter 5.
Due to the difference in the resolution of electricity data, the calculation
of IWSe− differs from that of IWSFood and IWSFuel. Data for indirect water
for electricity transfers are available at a PCA-to-PCA level, and flows of
electricity from a given power plant to a city cannot be directly mapped. In
fact, each PCA contains various power plants with unique water availability
conditions, each generating a distinct amount of electricity annually. Before
computing IWSe− , the overall water stress at each PCA must first be calcu-
lated. Each PCA’s overall water stress index (WSIPCA) is calculated as the
average of the WSI at the power plants constituting that PCA, weighted by











In this case, QPP is the annual water consumption of the power plant,
Qgen,PCA is the water consumption at all power plants in the PCA, and
WSIPP is the WSI value at the power plant’s location.
Each city is assumed to be served by a single PCA, defined as K. The
indirect water stress associated with electricity inflows (IWSe−) of each city
is calculated as the average of WSIPCA values, weighted by the virtual water










where, QPCA→K is the virtual water flow from each PCA to K, Qgen,K +Qin,K
is the sum of blue water consumed within K and the virtual water flows to K
from other PCAs. By computing these three quantities (IWSFood, IWSFuel,
and IWSe−), the degree of susceptibility of cities’ commodity supply to dis-
ruptions of water resources across the country can be visualized.
3.3 Results
This analysis expands on previous work by quantifying, comparing, and
visualizing the local and indirect water stress of all U.S. cities. First, cities’
direct and indirect water stress are presented. Then, for each city, the con-
tribution that its food, fuel, and electricity imports have on indirect water
stress is quantified. Lastly, the locations producing food, fuel, and electricity
that have the highest contributions to overall urban indirect water stress are
determined.
3.3.1 Comparing the Local and Indirect Water Stress of Cities
Cities with IWS values above 1.0 import their food, fuel, and electricity
from locations with stressed water resources, while those with IWS val-
ues below 1.0 import commodities from locations with relative abundance.
Comparing the difference between cities’ LWS and IWS gives insight on how
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efficiently those cities offset local water stress through commodity imports
from more or less water-scarce locations; see Figures 3.1a and 3.1b. Cities
in the Western United States tend to have higher water stress (local and
indirect) than those in Midwestern and Eastern states. Cities with the most
severe local and indirect water stress are concentrated in California, Nevada,
Arizona and Texas, all of which have spatially averaged WSI values above
3.26. Cities such as El Paso (TX), Laredo (TX), Phoenix (AZ), Las Ve-
gas (NV), Tucson (AZ), and Corpus Christi (TX), have LWS values of 6.76,
which is the largest WSI grid value within the United States. In these cities,
local surface water and groundwater resources face significant water scarcity,
typically translating to water imports for drinking water resources. The lat-
ter four cities are also within the ten cities with highest indirect water stress,
and thus import commodities from locations facing extreme water scarcity;
see Table 3.2.
On the other end of the spectrum, Eastern cities like Albany (NY), Rochester
(NY), Hartford (CT), and Knoxville (TN) are located within regions with
more abundant local blue water resources, and have local and indirect water
stress values below 0.16. Figure 3.2 shows a scatter plot of the local versus
indirect water footprint of each city in this analysis. With the exception
of 14 cities, all U.S. cities have local and indirect water resources that are
either both stressed (DWS, IWS > 1) or unstressed (DWS, IWS < 1). In
most cases, cities tend to import commodities from locations with similar
blue water resource scarcity as the cities themselves.
A few cities show particularly large discrepancies between their local and
indirect water stress; see Table 3.2. Laredo (TX) and El Paso (TX), both
located in Texas, have a LWS of 6.76, and are significantly able to offset
some further water stress by importing their commodities from less water
stressed locations. El Paso (TX) has the largest inland desalination plant in
the world, and receives 55% of its food related indirect water imports from
Missouri, which has an average WSI value of 0.14. Importing commodities
from less stressed locations avoids increasing local water demands and thus
water stress. Las Vegas (NV) and Laredo (TX) both import 46% of their
respective virtual water for food from within Texas. The remainder of that
indirect water is from states, including Utah, Kansas, and Colorado, with
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Figure 3.1: Map of (a) local water stress (LWS), and (b) indirect water stress
(IWS) of cities, represented by color. The LWS is a measure of the city’s local
water resources, while the IWS is a measure of the water scarcity at the locations
that produce commodities that are imported by those cities. Circle sizes, only
present in (b), represent cities’ indirect water footprints.
On the other end of the spectrum, cities like Austin (TX), Beaumont (TX),
and Omaha (NE) have LWS values below 0.8, but have IWS values above 1.3.
Both Austin (TX) and Beaumont (TX) are located in regions of Texas that
have low water stress (as measured by WSI), but over 94% of their imported
food, fuel, and electricity are produced in-state. Omaha (NE) is also located
in an area of low local water stress, but imports 95% of its food and fuel from













































































Figure 3.2: Scatter plot of the local and indirect water stress of each U.S. city.
LWS = 1 and IWS = 1 correspond to the threshold between unstressed and
stressed water resources. Most cities have local and indirect water resources that
are either both stressed or both unstressed.
Table 3.2: Cities with highest local and indirect water stress. Cities with a larger
LWS than IWS offset water stress by importing commodities from locations of
lower water scarcity. Most cities with high LWS and IWS are in the
Southwestern United States.
Rank City LWS Rank City IWS
1 Phoenix 6.76 1 Corpus Christi 4.52
1 El Paso 6.76 2 Austin 4.51
1 Las Vegas 6.76 2 San Antonio 4.51
1 Tucson 6.76 3 Dallas 4.20
1 Corpus Christi 6.76 4 Houston 4.17
1 Laredo 6.76 5 Tucson 3.85
66 Mobile 6.95 ×10−3 66 Albany 10.4 ×10−2
67 Detroit 4.95 ×10−3 67 Rochester 8.49 ×10−2
68 Louisville 4.64 ×10−3 68 Hartford 5.69 ×10−2
69 Cincinnati 3.82 ×10−3 69 Knoxville 5.65 ×10−2
It is important to note, however, that geographic averaging of WSI at a
state level can both overestimate and underestimate cities’ IWS. For instance,
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Beaumont (TX) has a WSI value of 0.11 and imports 95% of its food, fuel,
and electricity from Texas. Although some areas in Texas are more water-
scarce than others, Texas’ spatially averaged WSI is found to be 4.58, and
thus Beaumont’s IWS (3.69) will naturally be higher than its WSI value.
3.3.2 Comparing the Contributions of Food, Fuel, and
Electricity Imports to IWS
The IWS of a city is made up of food, fuel, and electricity components.
In this analysis, the indirect water stress associated with the imports of
food (IWSFood), fuel (IWSFuel), and electricity (IWSe−) of 69 U.S. cities are
visualized; see Figure 3.3. The analysis reveals that 12 particular cities are
among the highest in all three categories (i.e., their food, fuel, and electricity
imports all exhibit high indirect water stress). These include Corpus Christi
(TX), Austin (TX), San Antonio (TX), and Houston (TX), all of which have
IWSFood, IWSFuel and IWSe− , above 2.50. As is the case with cities’ overall
IWS, Western states have higher stress associated with each commodity than
those in the Midwestern and Eastern United States. In comparison, Eastern
cities such as New York (NY), Baltimore (MD), and Charleston (SC) have
IWSFood, IWSFuel, and IWSe− values below 0.41 and are thus less likely to
incur food, fuel, and electricity import disruptions due to water stress at the
supply location.
For each city, the fraction of IWS that is associated with its food, fuel,
and electricity imports is calculated. Figure 3.4 shows these commodity
contributions for each city, ordered from left to right by overall increasing
IWS. The proportion of cities’ IWS attributed to food, fuel, and electricity
imports does not depend on the city’s location. Additionally, food and fuel
imports do have a larger influence in IWS than electricity imports for most
cities. Electricity imports have an overall low influence on the indirect water
stress of cities, as their contribution to IWS are less than 30% for 50 of
the 69 considered cities; see Figure 3.4. For 7 of the considered cities, the
electricity term contributes to over 50% of IWS. Of those, Baton Rouge
(LA), Las Vegas (NV), and Tucson (AZ) have an overall IWS above 1.00.
Although El Paso (TX) has the largest IWSe− of all cities, the electricity
term of Equation 3.1 only makes up 5% of its IWS; this finding emphasizes
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the importance of quantifying these contributions to IWS. The food and
fuel terms of Equation 3.1 constitute over 50% of IWS for 35 and 22 cities,
respectively. The electricity component of IWS is generally low since cities’
water footprints of electricity are often much lower than their water footprints
of food and fuel. Although cities’ water footprints of food and fuel greatly
exceed the water footprints of electricity [15], the imports of food, fuel, and
electricity all have non-negligible impacts in the indirect water stress of cities.
3.3.3 Identifying Hotspots of Urban IWS
The analysis shows that cities tend to import virtual water from nearby
states with similar water stress as the cities themselves. This finding makes
sense, since distance has been found to be a key factor in trade and supply
chains [54]. Specifically, over 85% of the water footprints of food and fuel of
water stressed cities like Fresno (CA), Sacramento (CA), San Francisco (CA),
and San Diego (CA) originates in California. In addition, over 50% of these
cities’ water for electricity is consumed within the California Independent
System Operator (CAISO). Similarly, over 86% of food-derived and fuel-
derived virtual water imports of Corpus Christi (TX), Dallas (TX), Austin
(TX), and San Antonio (TX) originate in Texas.
The water footprint of electricity of the aforementioned cities originate
solely in the Electric Reliability Council of Texas (ERCOT), which covers
most of Texas. The same trend is observed for cities with low indirect water
stress. New York City receives 92% of its water footprint of electricity from
the New York Independent System Operator (NYISO), and 55% of its water
for food and fuel from New Jersey and New York (state). Similarly, over
60% of Columbus’s (OH) water footprint of food and fuel originate in Illinois,
Indiana, and Ohio. Generally, commodity transfers occur in short distances
between nodes of similar water resource constraints. Because virtual water
flows between locations of similar water stress, cities in water-scarce states
generally have access to stressed indirect water resources, and cities in water
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Figure 3.3: Indirect water stress associated with (a) food, (b) fuel, and (c)
electricity imports for different U.S. cities. Color represents IWS values, while






















































































































































































































































































































































































































































































































Figure 3.4: The percent contributions of IWSFood, IWSFuel, and IWSe− to
indirect water stress of cities, ordered from left to right in overall increasing IWS.
Although food and fuel contributions dominate the water stress of most cities,
electricity imports also have a significant impact in urban water stress.
In addition to quantifying the contribution that each imported commod-
ity has on the indirect water stress of cities, the hub locations of commodity
production driving that stress are determined; see Figure 3.5. In this anal-
ysis, food and fuel production are assumed to occur at a state level, while
electricity is assumed to be produced at a PCA level, based on available data
spatial resolutions. Electricity stress contributions are further aggregated to
North American Electric Reliability Corporation (NERC) regions for visu-
alization purposes. Figure 3.5 shows the percent contribution of each U.S.
state to IWSFood and IWSFuel and each NERC region to IWSe− of cities.
The Western portion of the country from California to Texas contributes
over 67% and 44% of IWSFood and IWSFuel, respectively. A similar trend is
found for electricity transfers, as NERC regions, and thus PCAs, generally
located in the Western half of the country (Western Electricity Coordinating
Council, Texas Reliability Entity), contribute to over 70% of cities’ IWSe− .
As a large exporter of coal and a water stressed state, Wyoming contributes
to 35% of cities’ IWSFuel. Water stressed states such as California, Texas,
and Wyoming have average WSI greater than 2.6, and are large producers
and exporters of commodities. These states export a significant fraction of
the indirect water imported by cities, and are thus hubs of indirect water
19
stress in the contiguous United States.
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Figure 3.5: Map of states’ contributions to (a) IWSFood and (b)IWSFuel, and (c)
NERC regions’ contributions to IWSe− of all considered cities. In (c), black dots
and white links correspond to PCAs and the electricity transfers between them,
respectively. Darker colors are associated with larger contributions to U.S. urban
indirect water stress. Generally, regions in the Western United States have larger
contributions to the indirect water stress associated with each commodity.
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3.4 Discussion
With the exception of Denver (CO), the cities with the ten highest IWS
values are located within the five states with the highest averaged WSI:
Arizona, New Mexico, Texas, Nevada, and California. Water-scarce cities
such as Corpus Christi (TX), San Antonio (TX), Tucson (AZ), Las Vegas
(NV) and Fresno (CA) have extreme local water stress as well as indirect
water stress associated with commodity imports. In these cities, local water
demands exceed the amount of natural runoff [64]. To meet local demands, a
significant fraction of local surface water and groundwater must be consumed,
often requiring physical water imports. Similarly, cities located in water-
abundant states, including Knoxville (TN), Hartford (CT), and Rochester
(NY), have low local water stress and indirect water stress. These cities’
local demands and indirect water demands (for food, fuel, and electricity) are
significantly lower than water availability at the locations where consumption
occurs.
The analysis reveals that the contribution that food, fuel, and electricity
imports have on indirect water stress varies between cities. The flows of food
and fuel in particular often dominate cities’ IWS values. Interestingly, no
correlation is present between these individual contributions and the city’s
geographic location.
Overall, cities import food, fuel, and electricity from nearby regions with
similar local water stress conditions as the cities themselves, explaining why
most cities tend to have similar local and indirect water stress. Water-scarce
cities such as Corpus Christi (TX) and Dallas (TX) import most of their
commodities from Texas, which is overall water-scarce. Water abundant
cities such as New York City (NY) and Albany (NY) import the majority of
their food, fuel, and electricity from New York, which is a water abundant
state. Similar to the achieved results, previous virtual water network analyses
have found shorter travel distance to be a major driver of commodity flows
[54, 92]. Because commodities tend to be transported short distances, cities
have similar local and indirect water stress. The food and energy supplies
of water-scarce cities, dependent on a limited number of nearby production
nodes, might be vulnerable to disturbance events such as droughts and heat
waves. Understanding the policy and network structure mechanisms of cities
that are able to offset water stress can be a crucial future step in constructing
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integrated water resource and commodity production management policy.
Interestingly, the magnitudes of a city’s water footprints of food, fuel, and
electricity do not necessarily inform their local and indirect water stress.
Memphis (TN), for example, has by far the highest water footprint of elec-
tricity of all cities (11.6 billion m3); its IWSe− , however, is much lower than
1. In other words, Memphis (TN) indirectly consumes a large amount of
water from water abundant locations. As Figures 3.1 and 3.3 show, higher
water stress is generally found in the Western portion of the country. How-
ever, coastal cities, including those in the East, Midwest, and South, have
the highest water footprints. New Orleans (LA), Houston (TX), Los Angeles
(CA), New York City (NY), and Chicago (IL), are large U.S. port cities with
blue water footprints exceeding 7.9 billion cubic meters. Port cities have a
large water footprint because a significant fraction of imported commodities
are then exported internationally. Due to its comparative advantage of agri-
cultural production, the United States exports more virtual water associated
with food products (165 m3/yr) than any other country [24, 50, 51]. Ulti-
mately, although blue water footprints tend to be highest in coastal cities,
water scarcity of cities tend to increase from East to West.
In quantifying and visualizing the water stress of cities, this work presents
a tool and basis to aid future food-energy-water nexus research. This anal-
ysis shows that the majority of the water stress of cities originates in their
respective states, and corresponds to food and fuel production. If stressed
cities imported their commodities from locations with more abundant wa-
ter resources, their consumption of food, fuel, and electricity would be more
resilient to water shortages. This study illuminates the potential tradeoffs
between economically efficient supply chains and resilience to water stress,
which can be improved through spatially diverse suppliers.
The agricultural sector within the United States faces significant expo-
sure to drought and water scarcity. Recent droughts in the Midwest and
California demonstrated the impacts of this water-related risk on the agri-
cultural industry by causing billions of dollars of damage, tens of thousands
of lost jobs, and disruptions in supply chains, affecting critical industries and
final consumers [2, 43]. Past evidence [105], along with predicted future cli-
mate change [44], suggest future droughts and water scarcity will likely be
more severe than what the United States has experienced in recent history.
Nearly half of the watersheds within the United States will likely experience
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a decrease in surface water supplies due to climate change, which does not
account for the likelihood of greater water scarcity due to increased anthro-
pogenic water use [5]. Overcoming the widespread impacts of current and




DATA-DRIVEN ANALYSIS OF THE URBAN
ELECTRICITY-WATER NEXUS IN CHICAGO, ILLINOIS,
USA
4.1 Introduction: Chicago’s Electricity-Water Nexus
Chicago is the third largest city in the United States. Due to its large pop-
ulation, Chicago requires large amounts of drinking water and wastewater to
be treated, and electricity to be produced to meet local demands. While
Chapter 3 considers the food, fuel, and electricity inputs of cities, this chap-
ter focuses on the electricity and water demands in the urban environment.
In addition to quantifying Chicago’s direct consumption of water and elec-
tricity, the interdependencies between these resources (water-for-electricity
and electricity-for-water) are presented.
4.2 Methods
In this section, the data employed in this analysis and associated bound-
aries used in the quantification of Chicago’s residential electricity-water nexus
are presented. In this analysis, electricity consumption data have much
higher spatial and temporal resolution than water and wastewater data. In
addition to the direct consumption of water and electricity at the residen-
tial, this work accounts for the water-for-electricity and electricity-for-water
embedded in the supply chain of these resources.
4.2.1 Electricity and Water Data
Drinking water treatment data for 2013 were acquired from the Depart-
ment of Water Management of the City of Chicago through open records
requests. These data are available in the form of monthly pumped gallons
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of purified water (and associated electricity consumption) through Chicago’s
pumping stations, as well as annual electricity consumption of Chicago’s two
water purification plants: Jardine Water Purification Plant (JWPP) and
South Water Purification Plant (SWPP). Wastewater flux data were simi-
larly acquired from the Metropolitan Water Reclamation District (MWRD)
of Greater Chicago, with some data available in an online database [73].
Available data include the total treated flow, and electricity and natural gas
consumption of each of MWRD’s water reclamation plants for 2013.
The electricity consumption data employed originate from Commonwealth
Edison (ComEd) Company, the electric utility serving the City of Chicago
and surrounding areas in Northern Illinois. ComEd is a utility within the
PJM interconnection, a balancing authority that controls the movement and
sale of electricity within select locations of the Midwest and Eastern of the
United States. The data include 2016 electricity consumption of 366 ZIP
codes spanning over 24 counties in northern Illinois. For each electricity
meter within each ZIP code, anonymized electricity consumption is available
at a 30-minute resolution. If a meter accounts for over 15% of a ZIP code’s
electricity consumption, or if a ZIP code contains less than 15 customers,
data for that ZIP code are not available to maintain anonymity. Two ZIP
codes, including areas near Lincoln Park and Columbus Park (see Figure 4.1
for community areas), do not have electricity consumption data available for
one month of the year. These missing monthly electricity consumption values
are interpolated as the average of the adjacent months for each corresponding
ZIP code.
To quantify the water consumption embedded in Chicago’s electricity de-
mand, methods from Chini et al. [16] are employed. The employed methods
account for electricity transfers between balancing authorities and the blue
water (surface water and groundwater) consumption of power plants within
those authorities, to perform an energy and mass balance of the electricity
and water fluxes through those entities. Electricity generation and associ-
ated water consumption are available through the U.S. Energy Information
Administration’s Form 923 [31] and Grubert [35]. Self-reported electricity
exchanges between balancing authorities originate from Form 714 of the U.S.
Federal Energy Regulatory Commission [99]. Because ComEd is not included
in FERC’s electricity transfers database, data for Chicago are assumed to be
representative of PJM, and the respective net water intensity in gallons of
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blue water consumed per MWh of electricity imported and generated is cal-
culated.
4.2.2 Data Synthesis
In this analysis, the direct electricity consumption at residential meters
within the city boundary of Chicago, as defined by the U.S. Census Bureau,
are considered. The electricity demands of drinking water and wastewater
treatment plants are accounted for as an indirect (embedded) resource con-
sumption instead of a direct consumption. The embedded electricity associ-
ated with drinking water consumption is equal to the energy required to treat
the drinking water and to pump it to the consumer. Because the temporal
and spatial resolutions of the employed data vary greatly, water and electric-
ity fluxes are normalized by service populations and aggregate resource flux
values at monthly and annual scales. Drinking water and wastewater service
boundaries are approximated as the population serviced by the correspond-
ing utilities. The service population of Chicago’s MWRD is estimated as that
of Cook County, equal to 5.24 million people [72]. Chicago’s drinking water
plants are estimated to serve the City of Chicago and several suburbs around
it, corresponding to 5.3 million people as determined in 2010 [20]. Electricity
consumption data are available at a ZIP code scale, for which population
estimates are available from the U.S. Census’ Demographic Profile [97].
While ZIP-code-level electricity consumption data are available, no spatial
resolution exists to visualize the residential water consumption within the
City of Chicago. However, understanding the spatial distribution of water
and electricity consumption within an area with high population and resource
flux could allow for policy management and technology alterations to be im-
plemented at an urban scale to increase usage efficiency. Water consumption
of each ZIP code is approximated as the ratio of the population of that ZIP
code to that of Chicago, multiplied by the total drinking water treated by
JWPP and SWPP; refer to Equation 4.1.







This analysis expands on previous work by quantifying and analyzing the
fluxes of water and electricity at a ZIP code scale in Chicago (IL). First,
Chicago’s direct electricity consumption and respective embedded water are
determined. Then, the city’s drinking water and wastewater fluxes, and
respective indirect electricity, are quantified. Lastly, the interdependencies
of the two resources are further presented at the scale of an average individual
Chicagoan.
By aggregating and visualizing resource fluxes at a monthly, seasonal, and
annual scale, temporal and spatial patterns in resource flows are identified
and can inform policy at scales larger than buildings but smaller than cities.
This section often discusses resource consumption in terms of Chicago’s com-
munity areas and regions, as defined by City of Chicago [19] and shown in
Figure 4.1. This analysis employs differing resolutions of water and electric-
ity consumption data, and can be reproduced for other cities with sufficient
data. Direct and indirect resource consumption totals (including different
electricity residential end-use categories) are included in Table B.1 in the
Appendix.
4.3.1 Direct Electricity Consumption and Indirect Water
Consumption
Areas with larger annual electricity consumption generally also have larger
populations and are located near attraction points such as Navy Pier, Art In-
stitute of Chicago, Field Museum, Shedd Aquarium, and Adler Planetarium;
refer to Figure 4.2. These locations include Chicago’s North Side (Lincoln
Park, Logan Square, Lakeview), Northwest Side (Irving Park), Far South-
east Side (Calumet Heights, South Chicago, East Side), and Southwest Side
(Midway, West Lawn, Chicago Lawn). ZIP codes including Lincoln Park
and Logan Square, specifically, consume over 2.1 GWh of electricity annu-
ally, equivalent to 6% of all residential electricity consumption of Chicago.
As expected, the electricity consumption of regions dominated by commercial
establishments is significantly lower than heavily populated areas, as these
data reflect residential electricity consumption only. Central Chicago (The
Loop, Near North, Near South), for example, is a highly commercial area and
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incurs the lowest residential electricity consumption in Chicago. The magni-
tude of electricity consumption, however, is not necessarily indicative of per
capita consumption (see Figure 4.2b), which can be a function of consumer
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Figure 4.1: Map of Chicago’s community areas, as defined by City of Chicago
[19]. The city is devided into 77 community areas, which are organized into 5
city regions.
To better understand Chicago’s resource consumption profile, the per capita
electricity consumption, at a ZIP code level, is determined; refer to Figure
4.2b. By dividing the electricity consumption of all considered ZIP codes
by their total population, the average Chicago resident is found to consume
2.27 MWh of direct electricity, annually. Interestingly, the electricity inten-
sity (MWh/person/yr) varies spatially within city bounds. In general, high
per capita residential electricity consumption values are located in Central
Chicago (Near North, Loop, Near South), North Side (Lincoln Park), Far
North Side (O’Hare), and Far Southwest Side (Mount Greenwood). Areas
near The Loop and Lincoln Park, specifically, have annual residential electric-
ity consumption per capita over 3.39 MWh. Residential areas around O’Hare
International Airport also have relatively high electricity consumption values
of up to 3.02 MWh per person likely due to low residential populations. In
general, low electricity intensity areas are located in Chicago’s Northwest Side
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(Irving Park, Albany Park), West Side (South Lawndale, Near West Side),
and Southwest Side (Brigton Park, New City, McKinley Park). Specifically,
highly populated areas such as Lawndale and Hanson Park have electricity
intensities as low as 1.61 MWh/person/yr.
In addition to spatially visualizing the annual direct electricity consump-
tion of Chicago, this work quantifies and visualizes the monthly electricity
consumption of each ZIP code, per person; refer to Figure 4.3. Monthly di-
rect and indirect total electricity consumption of Chicago are compared in
Figure 4.4. Monthly electricity and water flux values (direct and indirect)
are also included in Table 4.1. During summer (June-August) months, when
air conditioners are likely operating for a significant fraction of the day, the
average resident of Chicago consumes a total of 792 kWh, corresponding
to 35% of annual residential direct electricity consumption. In compari-
son, the direct electricity consumption in winter (December-February), fall
(September-November), and spring (March-May) months are 544 kWh, 518
kWh, and 415 kWh. For most ZIP codes, electricity usage peaks during
summer months, often in July and August. A few ZIP codes, however, have
higher consumption in winter months than during the summer. Specifically,
the electricity intensity of ZIP codes in Central Chicago (Near North, Loop,
Near South) is 157 kWh higher in the winter than summer months (shown
as dark red lines in Figure 4.3), reflecting electric space heating. Figure 4.3
also outlines a ZIP code that includes Riverdale (dark blue line), which has
very low electricity consumption recorded in October (0.83 Wh, or 0.05% of
its annual consumption) likely due to metering error.
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Figure 4.2: Map of annual electricity consumption (a) total, and (b) per capita,
of Chicago’s residential sector by ZIP code. Locations with large residential
populations consume more electricity. Areas of lower populations, however, have
lower per person electricity consumption than those with larger populations.
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To assess indirect water consumption associated with electricity consump-
tion, Chicago’s electricity is assumed to be served by the PJM grid balancing
authority, which spans a large portion of the United States. In accounting
for the electricity generated, imported, and exported (and embedded blue
water transfers), PJM is found to have a water consumption intensity of 573
gal/MWh. Using this ratio with direct electricity consumption data, indirect
water consumption is highest during summer months and lowest in the fall,
ranging from 167 gal/person (August) to 75 gal/person (April).











































Figure 4.3: Electricity consumption in of Chicago’s ZIP codes, in MWh per
person. The direct electricity consumption is highest in summer (June, July,
August) months due to air conditioning demand. Some ZIP codes generally have
higher electricity consumption in the winter (December, January, and February)







































           
           




















Drinking Water Embedded Electricity
Wastewater Embedded Electricity
Figure 4.4: Monthly per capita electricity consumption of Chicago. While direct
electricity consumption is higher during the summer, indirect electricity, which is
dominated by wastewater treatment, is highest during spring months.
4.3.2 Direct Water Consumption and Indirect Electricity
Consumption
Water use is defined as the amount of drinking water, originating from
JWPP and SWPP, consumed in the residential sector of Chicago. Because
Chicago has combined sewers conveying both stormwater and municipal
sewage, the amount of wastewater treated by MWRD plants does not neces-
sarily reflect water use at the household level.
While electricity consumption data are available at a ZIP code level, wa-
ter use data lack any spatial resolution. Residential water consumption
at the ZIP code scale is approximated by multiplying Chicago’s annual
average drinking water intensity by the number of residents of each ZIP
code; see Equation 4.1. Chicago’s average drinking water intensity (52,000
gal/person/yr) is calculated by dividing the total water production of JWPP
and SWPP by their service population. Because water use is estimated as a
linear function of population, this section illustrates both quantities together;
see Figure 4.5. The West (South Lawndale, Lower West Side) and Southwest
(Chicago Lawn, West Lawn) regions of Chicago are approximated to have the
highest annual water consumption, as those ZIP codes are the most highly
populated. Areas with lower residential populations such as Central Chicago
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(Loop, Near North, Near South) instead have the lowest approximated res-
idential water use. However, these results are limited by the lack of spatial
details in the available drinking water data.
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Figure 4.5: Map of population and estimated annual water consumption by ZIP
code. Due to the lack of data availability, water consumption is calculated as a
linear function of population. The presented estimates are coarse, but provide
motivation for future quantification of cities’ electricity-water nexus as water
meter data become available.
Because there is considerable uncertainty in estimating residential water
use as a linear function of population, the analysis is supplemented by quan-
tifying monthly water usage of Chicago; refer to Figure 4.6 and Table 4.1.
Similar to electricity consumption patterns, drinking water consumption is
largest during summer months (14,600 gal/person). Interestingly, Chicago’s
drinking water consumption remains relatively constant during fall (12,600
gal/person), winter (12,200 gal/person), and spring (12,400 gal/person), de-
spite seasonal weather variations. Unlike drinking water use patterns, the
volume of wastewater treated is similar for fall (18,200 gal/person), summer
(19,300 gal/person), and winter (18,200 gal/person) months, but significantly










































































































































































































































































































































































































































































































































































Figure 4.6: Monthly per capita water consumption of Chicago. The direct and
indirect water consumption are greatest during the summer months, and in
general, greatly outweight indirect water associated with electricity generation.
Aggregating wastewater data at a seasonal and monthly scale reveals the
electricity required to treat wastewater largely depends on the amount of
wastewater treated. Both the per capita wastewater treated and associated
indirect electricity are highest during spring months, with a peak of 8,760
gal and 9.20 kWh per person in April; refer to Figure 4.7. The month
with lowest wastewater treated does not correspond to the lowest indirect
electricity, indicating that other factors can strongly influence the energy
requirements of wastewater treatment. Specifically, while the lowest volume
of wastewater treated occurs in August (5,550 gal/person), the least indirect
electricity consumption occurs in October (6.54 kWh/person).
4.3.3 The Residential Electricity-Water Nexus of Chicago
To visualize Chicago’s urban residential electricity-water nexus, the annual
direct and indirect water and electricity consumption for the average individ-
ual is quantified; see Figure 4.8. The direct consumption of electricity and
water greatly outweigh their indirect counterparts at the electricity-water
nexus level. Specifically, annual direct electricity and water consumption
consist of 98.6% and 97.6% of the total energy associated with Chicago’s res-
idential electricity-water nexus. The average Chicago resident directly con-
sumes 52,000 gal of water and outputs 80,000 gal of wastewater, annually.
35
Furthermore, the average resident consumes 2,390 kWh of electricity annu-
ally, of which 1.3% and 3.8% are embedded in drinking water and wastewater





































































Figure 4.7: Monthly per capita wastewater treated of Chicago. Larger values of
treated wastewater occur during spring months, and are significantly lower
throughout other seasons.
Aggregating Chicago’s annual residential electricity consumption yields
total annual consumption of 7,400 GWh, corresponding to 2,270 kWh per
person. Assuming an average household of 2.61 people [96], annual direct
electricity and water consumption are estimated to be 5,924 kWh and 135,000
gal, respectively, per household. CMAP [21] estimates the 2015 average
household annual electricity consumption of Cook County (including the City
of Chicago) to be 7,900 kWh. DeOreo et al. [27] estimate household drinking
water consumption ranges from 44,000 gal to 175,000 gal annually. Overall,
the data-driven estimates of direct water and electricity consumption are
similar to those of previous estimations.
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Annual Water and Electricity Consumption Per Person (Residential)
Indirect water (1,300 gal)
Electricity (2,270 kWh)
Drinking water (52,000 gal)
Indirect electricity (31 KWh)
Combined sewer (80,000 gal)
Indirect electricity (91 KWh)
Figure 4.8: The residential electricity-water nexus of Chicago, at an annual scale.
The average resident of Chicago directly and indirectly consumes 53,200 gal of
water and 2,390 kWh of electricity, annually. The consumption of water and
electricity are dominated by direct, rather than indirect, consumption.
4.4 Discussion
In this work, water and electricity consumption data are coupled in a
decision-making context to inform electricity-water nexus policy at an urban
scale. This analysis demonstrates an approach to quantify and visualize the
direct and indirect water and electricity consumption of the average Chicago
resident. The direct components of electricity and water consumption, as
pertaining to the electricity-water nexus, consist of 98.6% and 97.6%, respec-
tively, of the total consumption of these resources. Although the consumption
of resources is found to be strongly dominated by their direct components,
quantifying the indirect consumption of water and energy is crucial to ad-
vance toward sustainability goals and inform management and policy in the
urban environment.
In this study, only the embedded water in the generation of electricity,
and the embedded electricity in the treatment and distribution of water
and wastewater are considered. However, the average person also has in-
direct water and electricity consumption embedded in processes such as
food production (See Chapter 2 and manufacturing of consumable products)
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[15, 50, 52, 109]. While water-for-electricity was found to consist of 1.6% of
total residential water consumption, previous studies have found that indirect
water consumption (when considering water for food, fuel, and electricity)
is on average 20 times that of direct water consumption [15]. The scope of
this analysis is limited to the urban residential electricity-water nexus, and
embedded water and electricity consumption values presented underestimate
Chicago’s total resource flows, even at the residential level, by focusing on
electricity.
In mapping resource consumption, the analysis finds that larger residen-
tial water and electricity consumption occur in locations that have larger
populations, which tend to be spatially correlated. Consistent with these
findings, a building-scale energy study of London’s residential sector found
that similar energy usage patterns cluster together, and there is a strong
correlation between population density and energy use [91]. This work also
quantifies electricity consumption on a per person basis to reveal efficiency
patterns that might arise due to consumer behavior and location. Overall,
economies of scale are present with respect to residential electricity consump-
tion in Chicago. Similar to Osorio et al. [76], these results show that locations
of lower residential populations like The Loop, O’Hare, and Mount Green-
wood, tend to have larger per person electricity consumption than locations
of larger populations such as Irving Park and Logan Square. Meter-level
drinking water consumption data were not available; thus, this analysis is
unable to detect variation in water use efficiency patterns across Chicago.
Previous studies have found that heating type, income, and house size can
each have great influence in residential water use [36, 67, 104]. The wa-
ter and electricity consumption of household appliances (air conditioners,
refrigerators, clothes washers) have previously been found to depend on ef-
ficiency [14]; while appliance/fixture level consumption is not considered in
this study, these differences might explain the spatial variation in Chicago’s
consumption patterns.
Understanding spatial and temporal resource consumption can assist en-
gineers and managers in detecting patterns, managing and upgrading infras-
tructure, and implementing policy in the urban environment. This analysis
finds that direct residential electricity consumption, drinking water use, and
water-for-electricity consumption are largest during summer months com-
pared to the rest of the year. This finding reveals irrigation and air condi-
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tioning demands as resource-intensive activities common in warmer months.
Although homes that use electric space heating generally have higher elec-
tricity consumption during the winter, Chicago’s electricity consumption is
overall higher during the summer. It is, however, important to note that
natural gas space heating, which consists of 21% of Chicago’s energy portfo-
lio, is not accounted for in this analysis [21], as only electricity consumption
is considered. Interestingly, wastewater treated and its indirect electricity
are found to be higher in the spring than other seasons, likely a result of
heavy precipitation and snowmelt [4]. By quantifying and visualizing annual
and monthly water and electricity consumption, this work reveals interesting
spatial and temporal patterns of resource consumption of a major U.S. city,
and can act as a basis of future data collection analyses, and comparisons of




This analysis synthesized data from published academic literature, public
and private utilities, as well as state, national, and international agency
reports. In addition, this work quantified the food and energy demands
of 69 U.S. cities and associated water stress implications. The electricity-
water nexus of Chicago was further explored to understand how demand-
side resource consumption are distributed in space and time in the urban
environment. Because of the variety of sources employed, however, the data
often varied in scale, resolution, and year of record.
Although this work revealed important trends and relationships between
water scarcity and the water footprints of cities, data limitations bring con-
siderable uncertainty into the results. To determine cities’ indirect water
stress associated with electricity imports, Chapter 3 employed data from
U.S. governmental entities such as the Energy Information Administration
[31, 98] and the Federal Energy Regulatory Commission [99], as well as pub-
lished literature [35]. A large fraction of the employed data, however, are
self-reported and carry uncertainties associated with their origin [80].
There is considerable temporal and spatial inconsistencies between water
scarcity and commodity flow data, which are the basis of Chapter 3. Water
scarcity index values provided by Mekonnen and Hoekstra [64] have a 30×30
arc minute resolution, but commodity transfers [94] are available at a state-
to-MSA scale. Because commodity flow data are only available for 2012,
the analysis shown in Chapter 3 is limited to an annual scale. State-to-
MSA commodity transfer data were employed, and the water stress of food
and fuel production nodes were spatially averaged across each state. By
doing so, commodities were assumed to be evenly produced (spatially) across
each state. The approach to account for water footprints of commodities is
consistent with previous literature [15, 24], despite spatially limited data.
Although much of the spatial distribution of water stress (and its driving
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mechanisms) in the United States is captured, more recent and resolved water
scarcity and commodity flow databases could yield more accurate results.
The data employed in Chapter 4, similarly, originates from several dif-
ferent sources of varying scales and resolutions. While metered electricity
consumption data are available at a ZIP code level in 30-minute intervals,
drinking water and wastewater data are only available at monthly and annual
scales for the entire City of Chicago. Because meter-level water consumption
data are not available for Chicago, residential water consumption is approx-
imated in terms of the amount of water treated by JWPP and SWPP and
their service populations. The water consumed at the household originates
from drinking water treatment plants, and because Chicago has combined
sewer infrastructure, water use cannot be estimated in terms of wastewater
data. As a result, the visualization of water consumption at a ZIP code
scale directly reflected the relative populations within those areas. If me-
tered drinking water data become available, more accurate insights can be
revealed with regards to urban water use, which in turn could lead to more
relevant electricity-water nexus implications to be drawn from such as study.
Although the lack of a holistic database limits the robustness of conclusions
that can be drawn in terms of temporal and spatial resource consumption,
employing available food, energy, and water flow and consumption data is
an important first step in informing supply-side resource production and
resource management in the urban environment. By understanding how
resource flows across the United States interact with water stress, and how
resource consumption is spatially and temporally distributed within a city,





With increasing populations and resource consumption, cities require in-
creasing inputs of food, water, and energy. Understanding how resources flow
and are consumed in urban environments is key to achieving resource sustain-
ability. By quantifying cities’ food-energy-water nexus and their respective
interactions with resource availability, this work informs the construction
of integrated resource management policy. The analysis of the urban food-
energy-water nexus is performed in two separate steps. Chapter 3 quantifies
the interactions between commodity flows and water stress across the coun-
try to inform cities’ local and indirect water stress. Chapter 4 focuses on
the quantification of the electricity-water nexus of Chicago at a ZIP code
scale. The quantification and visualization of urban resource flows and their
implications can act as a decision-support tool moving forward in achieving
urban resource sustainability.
This work shows the importance of considering both direct and indirect
water stress of cities’ food, fuel, and electricity. The analysis builds on ex-
isting water footprint and water scarcity literature by providing tools for
food-energy-water nexus studies to better understand how urban commodity
flows interact with water stress across the United States. Throughout Chap-
ter 3, three research questions are stated and answered: (i) What are the
direct and indirect water stress of cities?, (ii) How do these values compare,
for each city?, and (iii) What commodities and production locations drive in-
direct water stress? The analysis reveals that cities in the Western United
States generally have larger indirect water stress than Eastern cities. Be-
cause commodities tend to be transferred over short distances, cities tend to
have similar direct and indirect water stress. In addition, water-scarce states
that produce a large amount of commodities are the main contributors to the
indirect water stress of cities. The imports of food, fuel, and electricity have
varying, non-negligible contributions to cities’ indirect water stress. Know-
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ing the commodities and key producing locations driving indirect water stress
throughout U.S. cities provides policy makers and water resource managers
greater information in managing water stress and reducing vulnerability to
commodity constraints.
Chapter 4 provides a quantification of Chicago’s direct consumption of
electricity and water, as well as the interdependencies between resources. In
the analysis, the direct electricity and water consumption at a ZIP code scale
within the boundaries of Chicago, as defined by the U.S. Census Bureau, are
mapped. In addition to spatially visualizing annual resource consumption,
monthly and seasonal water and electricity consumption patterns are ana-
lyzed to achieve a clearer picture of Chicago’s electricity-water nexus. In
Chapter 4, a second set of research questions are explored: i) How much
electricity and water are consumed in Chicago (IL)?, (ii) How is resource
consumption distributed across space and time?, and (iii) How can the vi-
sualization of direct and indirect water and electricity consumption inform
urban managers and policy makers? While most electricity and water con-
sumption pertaining to the urban electricity-water nexus occurs directly in
the household, the results show that it is also important to quantify water-
for-electricity and electricity-for-water in the urban environment. In map-
ping annual residential direct electricity consumption, the analysis shows
that higher consumption occurs in more populated, clustered areas, such as
Chicago’s North Side (Lincoln Park and Logan Square). Areas with a higher
population, however, are found to consume electricity more efficiently on a
per person basis, than locations of low population. While direct electricity
and drinking water consumption are greater during the summer, wastewater
treated and its associated electricity consumption peak during spring months.
By coupling electricity consumption with drinking water and wastewater
treatment data, this work reveals spatial and temporal patterns of direct
and indirect resource consumption in the residential electricity-water nexus
of Chicago that analysis of each component, by itself, cannot.
As the demand for resources continues to increase, it is important to have a
systems-level understanding of the flow and consumption of these resources to
inform policy making in sustainable urban environments. Food, energy, and
water are not only consumed directly, but also indirectly in the supply-chain
level of goods and services. By understanding resource usage patterns and
their implications, this work acts as a support tool in advancing sustainable
43
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Vörösmarty, and M. Sivapalan (2016), Water resources sustainability
in a globalizing world: who uses the water?, Hydrological Processes,
30 (18), 3330–3336.
[53] Lubega, W. N., and A. S. Stillwell (2018), Maintaining electric grid
reliability under hydrologic drought and heat wave conditions, Applied
Energy, 210, 538–549.
[54] Maier, H. R., B. J. Lence, B. A. Tolson, and R. O. Foschi (2001), First-
order reliability method for estimating reliability, vulnerability, and re-
silience, Water Resources Research, 37 (3), 779–790.
[55] Marsh, D. M., and D. Sharma (2007), Energy-water nexus: An inte-
grated modeling approach, International Energy Journal, 8 (4), 235-242.
[56] Marston, L., M. Konar, X. Cai, and T. J. Troy (2015), Virtual ground-
water transfers from overexploited aquifers in the United States, Pro-
ceedings of the National Academy of Sciences, 112 (28), 8561–8566.
[57] Marston, L., and M. Konar (2017), Drought impacts to water footprints
and virtual water transfers of the Central Valley of California, Water
Resources Research, 53 (7), 5756–5773.
[58] Marston, L., Y. Ao, M. Konar, M. M. Mekonnen, and A. Y. Hoekstra
(2018), High-resolution water footprints of production of the United
States, Water Resources Research.
[59] Maupin, M. A., J. F. Kenny, S. S. Hutson, J. K. Lovelace, N. L. Barber,
and K. S. Linsey (2014), Estimated use of water in the United States in
2010, Tech. rep., US Geological Survey.
[60] Mekonnen, M., and A. Hoekstra (2010), The green, blue and grey water
footprint of farm animals and derived animal products, (UNESCO-IHE,
Delft, The Netherlands) Value of Water Research Report Series No. 48.
49
[61] Mekonnen, M. M., and A. Y. Hoekstra (2010), The green, blue and grey
water footprint of crops and derived crop products, Hydrol. Earth Syst.
Sci., 15(5), 15771600.
[62] Mekonnen, M. M., and A. Y. Hoekstra (2011), National water footprint
accounts: the green, blue and grey water footprint of production and
consumption.
[63] Mekonnen, M., and A. Y. Hoekstra (2012), The blue water footprint
of electricity from hydropower, Hydrology and Earth System Sciences,
16 (1), 179–187.
[64] Mekonnen, M. M., and A. Y. Hoekstra (2016), Four billion people facing
severe water scarcity, Science Advances, 2 (2), e1500,323.
[65] Melillo, J. M. (2014), Climate change impacts in the United States: the
third national climate assessment, Government Printing Office.
[66] Mielke, E., L. D. Anadon, and V. Narayanamurti (2010), Water con-
sumption of energy resource extraction, processing, and conversion,
Belfer Center for Science and International Affairs.
[67] Min, J., Z. Hausfather, and Q. F. Lin (2010), A high-resolution statis-
tical model of residential energy end use characteristics for the United
States, Journal of Industrial Ecology, 14 (5), 791–807.
[68] Morris, J., D. Allinson, J. Harrison, and K. J. Lomas (2016), Bench-
marking and tracking domestic gas and electricity consumption at the
local authority level, Energy Efficiency, 9 (3), 723–743.
[69] Mortsch, L. D., and F. H. Quinn (1996), Climate change scenarios
for Great Lakes basin ecosystem studies, Limnology and Oceanography,
41 (5), 903–911.
[70] Mostafavi, N., F. Gándara, and S. Hoque (2018), Predicting water con-
sumption from energy data: Modeling the residential energy and water
nexus in the integrated urban metabolism analysis tool (iumat), Energy
and Buildings, 158, 1683–1693.
[71] Mubako, S. T. (2011), Frameworks for estimating virtual water flows
among US states, Southern Illinois University at Carbondale.
[72] MWRD (2013), Comprehensive annual financial report of the Metropoli-
tan Water Reclamation District of Greater Chicago, https :
//www.mwrd.org/irj/go/km/docs/documents/MWRD/internet
/Departments/F inance/docs/CAFR/CAFR2013.pdf , p. 168.
50
[73] MWRD (2013), Water reclamation plant data, http :
//www.mwrd.org/irj/portal/anonymous?NavigationTarget =
navurl : //9f766d4f820e9482d016681c86031b76.
[74] Oki, T., and S. Kanae (2006), Global Hydrological Cycles and World
Water Resources, Science, 313, 1068–1073.
[75] Olivo, Y., A. Hamidi, and P. Ramamurthy (2017), Spatiotemporal vari-
ability in building energy use in New York City, Energy, 141, 1393–1401.
[76] Osorio, B., N. McCullen, I. Walker, and D. Coley (2016), Understanding
the relationship between energy consumption and urban form, Athens
Journal of Sciences, 4 (2), 115–141.
[77] Otto-Zimmermann, K. (2012), From Rio to Rio+ 20: the changing role
of local governments in the context of current global governance, Local
Environment, 17 (5), 511–516.
[78] Padowski, J. C., and J. W. Jawitz (2012), Water availability and vul-
nerability of 225 large cities in the United States, Water Resources Re-
search, 48 (12).
[79] Paterson, W., R. Rushforth, B. L. Ruddell, M. Konar, I. C. Ahams,
J. Gironás, A. Mijic, and A. Mejia (2015), Water footprint of cities: A
review and suggestions for future research, Sustainability, 7 (7), 8461–
8490.
[80] Peer, R. A., and K. T. Sanders (2018), The water consequences of a
transitioning U.S. power sector, Applied Energy, 210, 613–622.
[81] Pfister, S., A. Koehler, and S. Hellweg (2009), Assessing the environ-
mental impacts of freshwater consumption in lca, Environmental Science
& Technology, 43 (11), 4098–4104.
[82] Ridoutt, B. G., and S. Pfister (2010), A revised approach to water foot-
printing to make transparent the impacts of consumption and produc-
tion on global freshwater scarcity, Global Environmental Change, 20 (1),
113–120.
[83] Rockström, J., W. Steffen, K. Noone, Å. Persson, F. S. Chapin, E. F.
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APPENDIX A
U.S. URBAN WATER STRESS AND ITS CONTRIBUTORS
In this section, the various results associated with the analysis carried
out in Chapter 3 are provided. These include water stress values of cities
and states (Tables A.1-A.6), the percent contributions of food, fuel, and
electricity to each city’s indirect water stress (Tables A.7-A.8), as well as
the contribution of states and PCAs that export commodities on all cities’











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A.7: Contributions of food, fuel, and electricity to the IWS of cities, with
decreasing IWS. While the analysis finds that the contributions of food and fuel
imports to IWS generally significantly exceed those of electricity imports, all
three commodities have non-negligible impacts on indirect water stress. No
relationship is found between the geographic location of cities and the
contributions of food, fuel, and electricity to their IWS.
City Name Food Fuel Electricity IWS
Corpus Christi (TX) 46% 53% 2% 4.52
Austin (TX) 33% 66% 1% 4.51
San Antonio (TX) 29% 71% 1% 4.51
Dallas (TX) 54% 45% 1% 4.20
Houston (TX) 88% 11% 1% 4.17
Tucson (AZ) 40% 9% 51% 3.85
Beaumont (TX) 49% 43% 8% 3.69
Phoenix (AZ) 70% 5% 24% 3.59
Las Vegas (NV) 22% 3% 75% 3.30
Fresno (CA) 92% 4% 4% 3.23
Sacramento (CA) 87% 11% 2% 3.19
Los Angeles (CA) 73% 7% 21% 3.15
San Diego (CA) 65% 30% 5% 3.13
San Francisco (CA) 88% 11% 2% 3.10
Arkansas City (KS) 39% 61% 0% 2.76
Omaha (NE) 99% 0% 1% 2.68
Laredo (TX) 89% 9% 2% 2.66
Denver (CO) 63% 34% 3% 2.66
Salt Lake City (UT) 29% 51% 19% 2.63
Tulsa (OK) 6% 94% 0% 2.41
Oklahoma City (OK) 10% 90% 0% 2.39
Kansas City (MO) 92% 8% 0% 1.99
El Paso (TX) 88% 7% 5% 1.93
Portland (OR) 85% 9% 5% 1.75
Miami (FL) 31% 67% 2% 1.41
Orlando (FL) 44% 51% 5% 1.39
Jacksonville (FL) 18% 81% 1% 1.36
Tampa (FL) 7% 92% 0% 1.33
Seattle (WA) 81% 13% 6% 1.33
Baton Rouge (LA) 10% 4% 86% 1.09
Lake Charles (LA) 65% 27% 8% 0.78
Detroit (MI) 16% 13% 71% 0.59
Atlanta (GA) 59% 40% 1% 0.56
Nashville (TN) 86% 11% 3% 0.52
Greensboro (NC) 51% 1% 48% 0.50
Birmingham (AL) 73% 3% 24% 0.50
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Table A.8: Contributions of food, fuel, and electricity to the IWS of cities, with
decreasing IWS. While the analysis finds that the contributions of food and fuel
imports to IWS generally significantly exceed those of electricity imports, all
three commodities have non-negligible impacts on indirect water stress. No
relationship is found between the geographic location of cities and the
contributions of food, fuel, and electricity to their IWS.
City Name Food Fuel Electricity IWS
St. Louis (MO) 42% 56% 1% 0.50
Buffalo (NY) 91% 8% 1% 0.45
Minneapolis (MN) 26% 22% 51% 0.44
Baltimore (MD) 86% 7% 6% 0.41
Raleigh (NC) 49% 31% 20% 0.40
Charlotte (NC) 55% 33% 12% 0.40
Chicago (IL) 59% 41% 0% 0.39
New Orleans (LA) 99% 0% 1% 0.36
Grand Rapids (MI) 25% 33% 42% 0.35
Fort Wayne (IN) 41% 45% 14% 0.32
Boston (MA) 28% 72% 0% 0.32
Charleston (SC) 10% 82% 8% 0.31
Savannah (GA) 51% 48% 1% 0.31
Columbus (OH) 63% 32% 5% 0.31
Indianapolis (IN) 35% 62% 2% 0.30
Washington (DC) 62% 37% 1% 0.30
New York (NY) 61% 39% 1% 0.29
Greenville (SC) 28% 66% 6% 0.27
Dayton (OH) 66% 33% 2% 0.26
Cleveland (OH) 69% 25% 5% 0.25
Philadelphia (PA) 75% 22% 3% 0.25
Richmond (VA) 76% 19% 6% 0.24
Memphis (TN) 15% 2% 82% 0.23
Milwaukee (WI) 48% 47% 5% 0.23
Cincinnati (OH) 43% 55% 2% 0.23
Louisville (KY) 21% 78% 1% 0.20
Mobile (AL) 12% 0% 88% 0.18
Pittsburgh (PA) 59% 35% 5% 0.16
Norfolk (VA) 74% 19% 7% 0.14
Albany (NY) 26% 72% 2% 0.10
Rochester (NY) 29% 68% 3% 0.08
Hartford (CT) 14% 85% 1% 0.06
Knoxville (TN) 22% 68% 10% 0.06
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Table A.9: State contributions to overall U.S. indirect water stress associated
with food imports. As expected, Western, water-scarce states such as Texas and
California are the biggest contributors to indirect water stress of food. The
analysis reveals that cities tend to import commodities from nearby locations
with similar water availability conditions as the cities themselves.
State Contribution (%) State Contribution (%)
Texas 33.0% Missouri 0.2%
California 22.5% New York 0.2%
Kansas 9.6% Michigan 0.1%
Arizona 5.1% Minnesota 0.1%
Nebraska 5.1% Wisconsin 0.1%
Nevada 5.1% Virginia 0.1%
Florida 3.4% Arkansas 0.1%
Oklahoma 2.6% Pennsylvania 0.1%
Utah 2.5% Tennessee 0.1%
Colorado 2.1% Maryland 0.1%
New Mexico 1.5% Kentucky 0.1%
Washington 0.8% New Jersey 0.1%
Oregon 0.7% Wyoming 0.1%
Louisiana 0.7% Iowa 0.0%
South Carolina 0.6% Montana 0.0%
Illinois 0.5% Delaware 0.0%
South Dakota 0.4% Alabama 0.0%
Idaho 0.4% Mississippi 0.0%
Indiana 0.4% Massachusetts 0.0%
Ohio 0.3% Connecticut 0.0%
North Carolina 0.3% West Virginia 0.0%
Georgia 0.2% Vermont 0.0%
Rhode Island 0.2% New Hampshire 0.0%
North Dakota 0.2% Maine 0.0%
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Table A.10: State contributions to overall U.S. indirect water stress associated
with fuel imports. As expected, water scarce states of high commodity
production, such as Texas and California, are large contributors to indirect water
stress of fuel. Interestingly, Wyoming, which has significantly less water stress
than California, Texas, and Arizona, is actually the highest contributor to cities’
IWSFuel due to its high production and exports of coal.
State Contribution (%) State Contribution (%)
Wyoming 30.1% Georgia 0.1%
Texas 26.1% Pennsylvania 0.1%
California 13.3% Tennessee 0.1%
Arizona 5.0% Alabama 0.1%
Montana 4.3% Virginia 0.1%
Utah 3.8% Connecticut 0.0%
Florida 3.1% Maryland 0.0%
Colorado 2.7% Michigan 0.0%
Kansas 2.5% Idaho 0.0%
Oklahoma 1.6% South Dakota 0.0%
Oregon 1.5% North Carolina 0.0%
Illinois 0.8% Minnesota 0.0%
Nebraska 0.8% Missouri 0.0%
Nevada 0.8% North Dakota 0.0%
Kentucky 0.5% Wisconsin 0.0%
Indiana 0.5% New Hampshire 0.0%
South Carolina 0.4% Iowa 0.0%
Louisiana 0.4% New Mexico 0.0%
Washington 0.4% Maine 0.0%
Ohio 0.2% Arkansas 0.0%
Rhode Island 0.2% Vermont 0.0%
New Jersey 0.1% Massachusetts 0.0%
New York 0.1% Delaware 0.0%
West Virginia 0.1% Mississippi 0.0%
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Table A.11: PCA contributions to overall U.S. indirect water stress (electricity).
Only PCAs that contribute to over 1% of total IWSe− are shown due to the
large number of PCAs analyzed. Results show that PCAs located in the Western
United States are larger contributors to urban indirect water stress associated
with electricity imports. In the analysis, PCA contributions are further
aggregated into NERC regions for visualization purposes.
Power Control Areas Contribution (%)
Electric Reliability Council of Texas (ERCOT) 22.90%
Western Area Power Administration (WAPA) -Lower Colorado 19.59%
Western Area Power Admin (WAPA) - Upper Great Plains 7.64%
Salt River Project 4.28%
California Independent System Operator (CAISO) 4.15%
Bonneville Power Administration 3.92%
El Paso (TX) Electric Company 3.51%
Tucson (AZ) Electric Power Company 3.42%
Western Area Power Administration - Rocky Mtn. Region 3.04%
Duke Energy Carolinas, LLC 3.00%
Florida Power and Light 2.42%
PJM Interconnection 2.39%
Public Service Company of Colorado 1.91%
Los Angeles (CA) Department of Water and Power 1.56%
Omaha (NE) Public Power District 1.45%
Portland (OR) General Electric 1.09%
Arizona Public Service Company 1.08%
Florida Municipal Power Pool 1.08%
Tampa (FL) Electric 1.03%
Progress Energy Florida 1.02%
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APPENDIX B
CHICAGO’S DIRECT AND INDIRECT ELECTRICITY
AND WATER CONSUMPTION
In this section, the direct and indirect consumption of electricity associated
with the analysis carried out in Chapter 4 are provided in Table B.1. Note
that although the results in Chapter 4 are often presented on a per person
basis, Table B.1 shows total consumption values for Chicago. Direct electric-
ity consumption values are presented for each ComEd service class category:
single family (electric space heat), multi-family (electric space heat), single
family (no electric space heat), and multi-family (no electric space heat).
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